This paper reports a narrow footprint sealing ring design for low-temperature, hermetic, and mechanically stable wafer-level packaging. Copper (Cu) sealing rings that are as narrow as 8 μm successfully seal the enclosed cavities on the wafers after bonding at a temperature of 250 °C. Different sealing structure designs are evaluated and demonstrate excellent hermeticity after 3 months of storage in ambient atmosphere. A leak rate of better than 3.6x10 -16 mbarL/s is deduced based on results from residual gas analysis measurements. The sealing yield after wafer bonding is found to be not limited by the Cu sealing ring width but by a maximum acceptable wafer-towafer misalignment.
INTRODUCTION
Wafer-scale hermetic packaging is indispensable for high-volume manufacturing of various MEMS devices such as inertial sensors and resonators [1] . Wafer bonding techniques including direct bonding, anodic bonding, and intermediate layer bonding have been developed to achieve hermetic sealing of MEMS devices [2] . Direct bonding is typically demanding in terms of process temperatures and quality of the surfaces to be bonded [3, 4] . For intermediate layer bonding, materials including polymers, glasses, and metals have been investigated, among which metals offer the lowest permeability to gases and moisture [5] . The excellent hermeticity and mechanical strength of metals allow significant reduction of the footprint of sealing ring, which ultimately facilitates die-size miniaturization, thus making metal-based waferlevel hermetic packaging an advantageous choice compared to the other technologies.
Much effort has been devoted to minimize the metal sealing structure footprint for reducing die-size and process cost. Wafer-level encapsulation is reported to be achieved with 1.5 -7 μm-wide sealing rings of Au, but the mechanical support needs to be enhanced by additional solder pads featuring dimensions of over 100 μm [6] or by polymer underfill [7, 8] . 3 μm-wide Al sealing rings have been reported for wafer-level hermetic packaging at a high temperature of 450 °C [9] . However, low-temperature processing is desired in the packaging of thermally sensitive MEMS structures and CMOS circuits. Cu is a preferred material used in state-of-the-art 3D integration and has been reported to yield hermetic waferlevel packaging at a low temperature of 250 °C using 3 -50 μm-wide sealing rings [10] . However, additional large surrounding bonding areas are incorporated to ensure mechanical stability. On the other hand, Cu has higher mechanical strength than Au and Al, which promises further reduction of the sealing ring footprint. We have reported a wafer-scale vacuum packaging method based on plastic deformation and low-temperature welding of Cu sealing rings without additional mechanical enhancement of the bond [11] . In this paper, we present an extended analysis of the sealing yield distribution on the bonded wafers and the influence of the sealing ring width and number of grooves on the sealing yield.
CONCEPT AND WAFER PROCESS
The sealing concept is illustrated in Figure 1 . The Cu sealing rings on the device wafer are compressed with the annular grooves (covered by a thin Cu layer) in the cap wafer, inducing very high local pressures at the small overlapping areas between the Cu rings and cap wafer. The high localized pressures exceed the yield stress of the Cu and result in plastic deformation of the Cu rings and low-temperature welding of Cu-Cu interfaces, thus achieving hermetical sealing of the enclosed cavities [11] . 
Total number of design variations 15
Different sealing ring designs are incorporated on the same wafer. The key design variables are the number of grooves and overlap width at the edges of the Cu sealing rings, as specified in the Table 1 . These variations translate into the width of the Cu rings, reflecting different potential overall overlapping areas for distinct designs.
The proposed wafer-level process scheme is depicted in Figure 2 . The cap wafer was firstly process by Si deep reactive ion etching (DRIE) to form the annular grooves and cavities to be sealed with a depth of 8 μm. Next, a 10 nm/300 nm-thick Ti/Cu layer was deposited by sputtering to cover the annular grooves. For the device wafer, 5.2 μm-high Cu sealing rings were electroplated on top of a 10 nm/30 nm-thick sputtered Ti/Cu seed layer, as shown in Figure 2 (a). After alignment of the two wafers, the wafer stack was transferred into a wafer bonder (CB8, Suss MicroTec). The bond-chamber was pumped down to a pressure of 7x10 -5 mbar, and then the wafer chucks were heated up to 250 °C. A bonding force of 20 kN was applied to the wafer stack and was kept constant for 25 minutes, as explained in Figure 2 (b). This force translates into a high local pressure of ~550 MPa at the small overlapping Cu-Cu areas, which is nearly 2.4 times the reported yield strength of electroplated Cu [12] and thus facilitates plastic deformation of the Cu rings and sealing by Cu-Cu welding. After this, the wafer chucks were cooled down and the bonding force was removed. Finally, the chamber was vented to atmospheric pressure. In order to assess the sealing yield after wafer bonding, the cap wafer was thinned down by isotropic Si Figure 2(c) . The diaphragms will deflect when placed in atmospheric pressure if the vacuum cavities have been successfully sealed. This method offers a direct way to observe the sealing yield distribution on the bonded wafers, and can be used to evaluate long-term leak rate of the seals [13] .
RESULTS AND DISCUSSION

Sealing Yield Evaluation
The distribution of the sealing yield on the bonded wafers is illustrated in Figure 3 . 93 out of the 124 cavities were successfully sealed after wafer thinning. After 3 months of storage in ambient atmosphere, only 1 of the 93 sealed cavities failed, demonstrating the excellent reliability of the narrow Cu sealing rings. As can be seen from Figure 3 , many failed cavities appear near the edges of the wafers. These cavities feature the narrowest sealing design, which contain 6 μm-wide Cu rings with only 1 μm overlap width at the edges of the Cu rings. The failure of these seals is most probably due to their low tolerance of only 1 μm for wafer-to-wafer misalignment. Except for this design-related tendency, we have not observed any significant failure dependency on the location of the cavity on the wafers. There is a region in the lower half of the wafers in Figure 3 where many failed cavities are clustered together. This is possibly attributed to irregularities in thickness of the Cu rings from electroplating process or caused by surface contamination from other sources, which might impair the complete formation of the hermetic Cu-Cu bond.
In order to evaluate the dependency of the sealing yield on the Cu ring design, the corresponding yield after 3 months of storage is plotted in Figure 4 . The best yield of up to 100% was achieved with the 2-groove design and Cu ring widths between 11.5 and 15.5 µm. However, no significant dependency on the width of Cu rings was observed, which indicates that the sealing yield is not limited by the Cu ring width. As discussed previously, the complete failure of 6 μm-wide sealing rings can be explained by their low wafer-to-wafer alignment tolerance of only 1 μm. A sufficient alignment tolerance therefore enables very narrow sealing structures, as demonstrated by the 8 μm-wide sealing ring providing a good sealing yield of 75%.
Figure 4: Sealing yield with respect to Cu ring width and number of grooves after 3 months of storage in ambient pressure.
After 3 months of storage in ambient pressure, the wafer stack was diced into individual dies, as shown in the close-up images in Figure 3 . Different sealing ring designs experienced decreases in the sealing yield after dicing to different extents, but still no significant dependency on the Cu ring width was observed. The fact that all the seals with 8 μm-wide sealing rings survived the dicing procedure indicates again that this bonding technique enables very narrow sealing footprint.
Cross-sections of the bond interfaces of different sealing ring designs were inspected by scanning electron microscopy (SEM), as shown in Figure 5 . They show a uniform, welded Cu layer where part of the Cu has been pressed into the grooves, as intended. The dashed line in Figure 5 (d) indicates a 1.2 μm-wide (designed as 1.5 μm) broken wall between grooves, while the 2.7 μm-wide groove walls are all intact. This local breakage is probably ascribed to shear stresses induced during the wafer bonding process. On the other hand, this also implies that the aspect ratio of the groove wall should be relatively small to ensure the mechanical integrity of the sealing structures.
To investigate more precisely the vacuum levels inside the sealed cavities, residual gas analysis (RGA) (SAES Getters S.p.A, Italy) was conducted for the diced individual cavities 146 days after bonding. The achieved sealed pressure was as low as 2.6x10 -2 mbar, which indicates a leak rate better than 3.6x10 -16 mbarL/s [11] . This conservatively calculated leak rate is much smaller than the reported data for seals using other packaging methods including Cu-Cu thermo-compression bonding [10] , Ni/Sn solder bonding [14] , Au-Sn eutectic bonding [15] , and our previous work based on Au sealing rings [6] and Au bumps [16] . In terms of the hermeticity of different sealing ring structures, designs with 3 grooves tend to provide smaller leak rates than 2-groove designs based on the results from the RGA. However, the limited data from only 3 chips is not sufficient for drawing any firm conclusions. Nevertheless, multi-groove sealing ring designs could potentially induce larger Cu-Cu bond areas than singlegroove designs, thus resulting in better hermeticity, although associated with higher bonding forces and larger sealing footprints. In addition, multi-groove designs have higher tolerance to wafer-wafer misalignment since not all of the grooves have to be closed to achieve successful sealing. Based on the results and discussion above, we can summarize a general design reference specifying the influence of the key designs variations on the packaging performance, as listed in Table 2 . For the sake of die size miniaturization (smallest sealing ring footprint), the design with 1 groove in the cap wafer and 2 μm overlap width at the edges of Cu rings is recommended for typical wafer-wafer alignment tool capabilities. All other basic parameter values are shown in Table 3 . Multi-groove structures can be designed using the same groove dimensions from the single-groove design in combination with a proper groove wall thickness. 
Design Reference
CONCLUSION
A Cu-based sealing ring design featuring a small footprint for wafer-scale hermetic packaging is described and evaluated. In our university clean-room environment and using a process that has not been optimized, we demonstrate a vacuum sealing yield of 75% for cavities with Cu sealing rings that are as narrow as 8 μm even after wafer dicing. Residual gas analysis indicates a leak rate better than 3.6x10 -16 mbarL/s. A design reference is proposed for practical applications. The proposed narrow footprint sealing ring design and process offer a very attractive approach for low-temperature hermetic waferscale packaging of a wide variety of MEMS and IC devices.
